Background: DEAD-box proteins are a large family of proteins found in bacteria, plants and animals, but only few have been analysed functionally. They are involved in the regulation of various aspects of RNA processing and metabolism, including splicing, transport and translation. The study of their function in multicellular organisms has been restricted to a few special cases, such as the Vasa protein in the fruit fly Drosophila.
Background
The effect of interfering with RNA processing on physiology and development of multicellular organisms has not been studied widely. The best examples concern regulation of translation, the role of the polyA tail in the maturation of Xenopus oocytes [1] , spatial control of translation of maternal morphogens in the Drosophila egg [2] and control of RNA localisation within the cell [3] .
One family of proteins involved in RNA processing are the DEAD-box proteins, a large family of RNA-dependent ATPases found in all organisms [4, 5] , with the only known exception so far being the thermophilic eubacterium Thermotoga maritima [6] . All DEAD-box proteins share eight characteristic sequence motifs, including the DEAD box (Asp-Glu-Ala-Asp). On the basis of their high degree of sequence similarity, all DEAD-box proteins are usually called RNA helicases, although RNA-duplex unwinding activity has only been demonstrated for a few family members. The function of DEAD-box proteins has been analysed genetically mainly in two organisms, yeast and Drosophila. The majority of the 40 members of the DEADbox protein family in the yeast Saccharomyces cerevisiae are essential for cell viability. Functions have been identified for several of them in different aspects of RNA metabolism, for example, during ribosome biogenesis, pre-mRNA splicing, RNA transport and translation, but the functions of many family members are not known or unclear.
In Drosophila, 12 genes are known that code for DEADbox proteins [7] , including the Drosophila homologues of P68 (Dm62) and eIF-4a. One of the best studied is vasa, originally identified as a member of the posterior class of maternal effect genes in Drosophila. It is required for the translation of Oskar and Nanos mRNAs during the assembly of the pole plasm and for the localisation and translation of Gurken mRNA during oogenesis [8] . In addition to vasa, mutants exist for belle (bel), hel25E (hel), pitchoune (pit) and eIF-4a. A common feature of the phenotypes of these mutants are larval growth defects, but most mutants also show specific characteristics. For example, strong loss-offunction alleles in eIF-4a affect segmentation of the embryo [9] , a process that is particularly sensitive to changes in protein levels, and mutations in hel lead to lethality when homozygous, but in heterozygotes act as enhancers of position-effect variegation [10] .
The functions of ubiquitously expressed DEAD-box proteins can only be assayed in those cells or at the point in development when the gene products first become limiting, although the genes might be required in other cells and at other periods. This problem can be circumvented by analysing a series of mutant alleles of different phenotypic strengths, by clonal analysis or by using temperaturesensitive mutations by which the gene product can be inactivated at any desired time point. We have used the latter approach here to study the function of abstrakt (abs).
We show that abs, which was first identified in a screen for mutants with defects in the development of the larval light-sensing organ (Bolwig's organ) [11] , encodes a new member of the DEAD-box protein family. Although it is expressed ubiquitously throughout development, abs appears to have a number of specific functions during several morphogenetic processes, apoptosis and the establishment of cell polarity.
Results

Abstrakt, a new member of the DEAD-box protein family
In a screen for mutations in a short region at the base of the third chromosome, defined by the deficiency Df(3R)231-5 ( Figure 1a) , we identified three loci in which lethal mutations were generated [12] . One of these was allelic to a lethal P-element insertion (P36a) previously generated in our lab, the lethal P-element insertion, l(3)04505, and the EMS-induced (ethyl methanesulfonate) mutation abs IIF1 , indicating that all of these mutations represented alleles of abs. The lethality of these mutants was suppressed by the introduction of transgenes containing a 5.8 kb genomic fragment (Figure 1b) , indicating that this represented the fragment in which the mutations had occurred, and therefore an essential part of the abs gene.
The rescue fragment contained an open reading frame (ORF) of 1845 bp, which codes for a DEAD-box protein of 614 amino acids (Figure 1c ) containing all eight motifs characteristic for this protein family. Within the 300 amino-acid domain that contains all of the conserved helicase motifs, Abstrakt shows the highest homologies with Vasa and Dm62 (P68) among the known Drosophila DEAD-box proteins (Figure 1d ). The closest relatives in yeast are DBP1/DED1, DBP2 and DBP3 (around 50% similarity and 40% identity in each case). The only sequence found in the databases that encodes a protein with higher similarity is a human expressed sequence tag (EST) cluster (GenBank accession numbers T30201 and T30202). We cloned the corresponding human cDNA by RT-PCR and found that the encoded protein is indeed the closest known Abstrakt homologue, showing 88% similarity and 76% identity to Drosophila Abstrakt in the central region. Significantly, it has the same amino-terminal and carboxy-terminal extensions as Drosophila Abstrakt (78% similarity and 64% identity over the whole protein; Figure 1e ), which is not the case for any other DEAD-box proteins. When the sequence databases were screened with the human sequence, no other protein with an equal or higher degree of similarity was found. We therefore call this gene hABS (GenBank accession number AF195417).
Sequencing the ORF of our abs alleles revealed eight different mutations (Figure 1c ). Two alleles, 14B and 33B (amino-acid substitutions Glu236→Lys and Val426→Met, respectively), show a temperature-sensitive behaviour, leading to lethality only at 29°C and above. Five of the six remaining, different alleles are mis-sense or nonsense mutations in the central region of the protein. One allele, 29B, is a 42 bp deletion that results in the replacement of the sequence KFPKGILNGLAAKGI (amino acids 178-192, in the single-letter amino-acid code) by an asparagine. The P36a allele is a P-element insertion 70 nucleotides upstream of the abs translation start site. In summary, these results show that this ORF represents the abs gene.
Expression of abs RNA and protein
RT-PCR showed that abs transcripts are found throughout all developmental stages, but we were unable to detect abs RNA by in situ hybridisations or on Northern blots, nor was Abstrakt protein detectable in normal embryos stained with antibodies against Abstrakt. Thus, abs RNA and protein appear not to be very abundant. When Abstrakt was expressed at high levels using the GAL4/UAS ectopic expression system [13] , a clear signal was seen by immunofluorescence in the areas in which the UAS-abs transgene was expressed (Figure 2a,b) . In older embryos (> stage 12), the signal was restricted to the nuclei (Figure 2d ). In younger embryos, the subcellular localisation of Abstrakt varied between predominantly nuclear localisation, homogeneous distribution throughout the cell, and enrichment in the cytoplasm (Figure 2c ). No correlation between Abstrakt localisation and specific stages of the cell cycle was observed.
Essential function of abs throughout the life cycle of the fly
Embryos homozygous for the non-conditional abs alleles or the deficiency Df(3R)231-5 develop without apparent gross defects, but fail to hatch. To assay functions at other stages, we used the temperature-sensitive allele abs 14B . Progeny from parents that were homozygous for abs 14B or carried the abs 14B allele over the deficiency Df(3R)231-5, which we will call abs 14B animals, were transferred from room temperature to 32ºC at various stages of development. Shifts to restrictive temperature led to lethality at all stages of the life cycle.
Although embryos homozygous for the non-conditional alleles develop until hatching, abs 14B embryos ceased to develop and showed gross morphological defects at restrictive temperature. Thus, abs is essential for embryogenesis. The embryos homozygous for the nonconditional alleles must therefore use the wild-type gene product provided by their heterozygous mothers to complete embryogenesis in the absence of functional zygotic Abstrakt. A wild-type paternal copy of the gene is sufficient to rescue abs 14B embryos if they are shifted to The abs locus. (a) Proximal region of chromosome 3R. The chromosomal bands of the region are shown schematically and numbered. The known genes in this region and the deficiencies with their approximate breakpoints are indicated; contrary to the data in FlyBase [7] , tube (tub) was placed distal to huckebein (hkb), because it is uncovered only by the deficiency XM3 and not by A321RI [37] , whereas both deficiencies uncover abs, Gelsolin (Gels) and hkb. restrictive temperature after gastrulation. The temperature-sensitive phenotype was identical in progeny from mothers homozygous for abs 14B allele and mothers heterozygous for abs 14B and a deletion of the gene. We saw no dominant effects of the abs 14B allele in animals heterozygous for the abs 14B and one or more wild-type copies of the gene.
Apoptosis
It seemed possible that Abstrakt, as a DEAD-box protein, might be involved in general RNA processing or metabolism, and that cells in the mutant animals eventually run out of essential components and commit apoptosis. When terminal-deoxynucleotidyl-mediated dUTP nick endlabelling (TUNEL) assays were performed on abs 14B mutants, however, we did not see an increased rate of apoptosis. Instead, apoptosis was almost completely suppressed, and even the wild-type pattern of cells undergoing programmed cell death was not seen in mutant embryos (Figure 3a ,b,e,g).
To test at which level the apoptotic pathway was interrupted in abs mutants, we assayed the expression of reaper (rpr), a nuclear regulator of apoptosis in Drosophila, and dredd, a target gene of reaper encoding a caspase [14, 15] . Both reaper and dredd were expressed properly in abs 14B mutant embryos (Figure 3i ,j). This shows that the apoptotic regulators are activated in the mutant and components of the apoptotic pathway are expressed, but the programme is not completed.
Ectopic cell death induced by overexpression of reaper was also greatly suppressed in abs mutants (Figure 3c ,d,f,h). The amnioserosa was the only tissue in abs mutants in which we found extensive apoptosis after overexpressing reaper. Ectopic apoptosis induced by overexpression of a second regulator, hid, was not completely suppressed in abs mutants, consistent with previous findings that hid is a more potent inducer [16] .
Rather than being blocked, apoptosis in abs 14B mutant ovaries occurred prematurely in follicle cells and nurse cells. This points to different modes of regulation of apoptosis during embryogenesis and oogenesis, in line with recent findings that reaper, hid and grim are not essential for programmed cell death of the nurse cells [17] .
Defects in early morphogenesis
To understand which cellular and developmental processes were affected by loss of abs function, we analysed the defects at various stages of embryogenesis and during oogenesis in more detail. When embryos were shifted to the restrictive temperature at any point from egg laying up to approximately 3 hours, they continued to develop normally up to gastrulation, producing a fully cellularised blastoderm without any demonstrable defects. Abstrakt, therefore, is not essential for nuclear cleavages, migration of the nuclei to the periphery of the egg, or cellularisation of the pole cells. Significantly, it is also not needed for the first process directed by the zygotic genome, the cellularisation of the syncytial blastoderm. This shows that the genes required for cellularisation must be transcribed, and their RNAs exported and translated normally in the absence of functional Abs. Moreover, normal expression patterns of the early zygotic pattern formation genes (for example, twist, snail, hairy, eve) were established by the cellular blastoderm stage, demonstrating that abs is not required for any of the steps in the production of functional proteins from these genes or their upstream regulators. As the mRNAs of several of these genes need to be spliced, this result excludes a general role for Abstrakt in splicing. Nevertheless, although a normal cellular blastoderm was produced, development at restrictive temperature was significantly slower than in wild-type embryos.
At later stages of embryogenesis, abs 14B embryos showed defects within 30 minutes of a shift to 32ºC. Serious morphological defects were seen during gastrulation. The ventral cells of the blastoderm which normally undergo a series of cell-shape changes ( Figure 4a ) were unable to do this properly. Even where weak apical cell constrictions result in the formation of an indentation, one of the earliest processes during ventral cell shape changes, the movement of nuclei from the apical towards the basal side of the cell, did not occur in the mutants (Figure 4c ). Interestingly, this phenotype did not resemble that of mutants in either twist or snail, genes encoding the two essential transcription factors required for this process. This shows that Abstrakt either affects only a subset of the gene products controlled by Twist and Snail, or genes that act in parallel to Twist and Snail.
The behaviour of the neighbouring ectodermal cells demonstrates that loss of Abstrakt function does not simply result in a cessation of all cellular activity, or block cell-shape changes in general. In wild-type embryos, neuroblasts delaminate from the neuro-epithelial layer, while the epithelial cells become cuboidal. In the mutant, no delamination of neuroblasts occurred, and the epithelial cells became extremely tall and thin (Figure 4d ). Gene expression patterns, again, appeared normal as far as they have been tested.
When embryos were shifted after the neuroblasts had segregated, the neuroblasts continued to develop, activated expression of the neural differentiation marker 22C10 and extended neurites. We have looked at the first cells to express 22C10, the ventral midline precursors vMP2 and dMP2 in more detail (Figure 4e-h ). These cells normally extend their neurites towards the posterior and the interior of the embryo (Figure 4g ). In mutants, neurite outgrowth appeared to be randomised, with a preference for growth towards the exterior of the embryo (Figure 4h ).
The pole cells in wild-type embryos are internalised during gastrulation (Figure 4i,k) , then pass through the posterior midgut epithelium, contact the mesoderm and migrate anteriorly towards the somatic gonadal precursor cells [18] . They are guided to their correct targets by a combination of repellants and attractants, controlled by
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the genes wunen and columbus [19, 20] . In abs 14B mutants that were shifted to restrictive temperature after gastrulation, the pole cells that had passed through the midgut epithelium dispersed widely within the embryo (Figure 4j,l) . In mutants shifted before gastrulation, the pole cells were not internalised and they distributed over the surface of the embryo. This phenotype is stronger than those observed for any of the genes known to be required for pole cell migration [21] . Abstrakt might be involved in the production of one of the guiding signals by interfering with the function of Wunen or Columbus or other, similarly acting proteins.
Both of the above cases show that lack of abs function does not compromise the ability of cells to undergo their differentiation programme or cellular behaviour typical of their differentiated state. Thus, neurite outgrowth still occurs, and pole cells are able to migrate over large distances, but both types of cells appear to fail to recognise or react to the cues that direct their morphogenetic behaviour in the spatially appropriate manner.
Cell polarity
One reason for this defect might be a loss of subcellular order or polarity. Various aspects of cell polarity were indeed affected in abs mutants. The first abnormality we detected was in the localisation of mRNAs in the blastoderm. In the wild-type blastoderm, the mRNAs of several genes are distributed unevenly in the cell. For example, the transcripts of short gastrulation (sog) [22] and crumbs (crb) [23] are tightly apposed to the apical cell surface (Figure 5a,c,d ). In abs 14B mutants, crb mRNA was not seen apically but predominantly at the level of the nuclei, while sog mRNA formed a gradient from the apical towards the basal side of the cell (Figure 5b ,e,f). In the case of crb, the mislocalisation of RNA was also seen at later stages and in other tissues. For example, the tight apical localisation in the hindgut epithelium was disturbed in abs mutants. Remarkably, the Crumbs protein was synthesised properly and targeted to the apical cell surface, showing that apical-basal cell polarity in the epithelial cells is correctly established and maintained in abs mutants.
Other unevenly distributed mRNAs are those of the pairrule genes fushi tarazu, even-skipped and hairy, which are localised in the area between the nucleus and the apical cell surface [24, 25] , and brinker (brk), which is basally localised [26] . The localisation of these transcripts was not affected in abs mutants. This shows that lack of Abstrakt does not lead to a breakdown of subcellular RNA sorting in general, but that only a subset of transcripts require Abstrakt for their correct targeting.
A further manifestation of cell polarity is the regular orientation of mitotic spindles in the post-blastoderm mitotic domains. These are groups of synchronously dividing cells, and in most of them the spindles are oriented parallel to the surface of the embryo [27] (Figure 5g,i) . In abs mutants, both the synchrony of division and the regularity of spindle orientation were disrupted. Although the patterning of the mitotic domains, controlled through the transcriptional regulation of String (Cdc25) [27] , occurred properly (data not shown), not all cells in a domain divided at the same time and the mitotic spindles were positioned randomly (Figure 5h,j) . In the mispositioned spindles, the centrosomes were mispositioned together with the spindles (data not shown).
Polarity and RNA localisation in the oocyte
To obtain embryos without maternal Abstrakt protein or RNA we used X-rays to induce homozygous mutant germline clones. No mutant clones were obtained, suggesting that abs function is necessary for oogenesis. To test this, we analysed ovaries of females homozygous for abs 14B which were shifted to restrictive temperature immediately after eclosion (pupae kept at restrictive temperature did not eclose). Even after 2 days, the ovaries of these females contained no mature eggs. In most cases, the egg chambers had not developed beyond stage 9. Frequently, the nucleus in abs 14B oocytes did not reach its anterior dorsal position within the oocyte and oskar (osk) mRNA was mislocalised to the centre of the oocyte (Figure 5k,l) . Less often, we also found a mislocalisation of bicoid (bcd) mRNA to the anterior and posterior pole of the oocyte. The oldest egg chambers appeared to be degenerating, and on analysis by TUNEL staining, their follicle cells were found to be undergoing apoptosis.
Discussion and conclusions
As a member of the DEAD-box protein family, Abstrakt probably participates in some aspect of RNA processing. The gene was initially identified by a very specific phenotype, the failure of the Bolwig nerve to fasciculate and project normally. By contrast, the variety of phenotypes and tissues affected in the temperature-sensitive mutants suggest, at a first glance, a widespread function of abs. Our results do not, however, support a general, ubiquitous function in cellular RNA metabolism for Abstrakt.
A general function for Abstrakt in the production of protein from all mRNAs is excluded by several findings, the most important being that morphogenesis and pattern formation up to gastrulation are largely unaffected in abs 14B embryos. This means that the proteins required for these processes are translated properly and, in the case of genes transcribed from the zygotic genome, their mRNAs are synthesised, processed and exported from the nucleus properly. The proteins made in the absence of Abstrakt include at least the maternal determinant Bicoid, the cyclins CycA and CycB, Twist, Snail, Decapentaplegic (Dpp), the segmentation gene products, and the cellularisation proteins Nullo, Serendipity-alpha and Bottleneck [28] . At later stages of development, inactivation of Abstrakt also leads to serious defects, but does not interfere with the production of functional mRNA and protein of a number of genes we have assayed, for example, 22C10, Engrailed, Even-skipped and Twist. Finally, in cases in which our experiments have found a more direct effect of abs on RNA, namely, on the subcellular localisation of specific mRNAs, only a subset of RNAs responded to the loss of abs function. In summary, our findings indicate that the role of abs is likely to be restricted to a subset of RNAs. The pool of mRNAs expressed in each cell may be less homogeneous, and different transcripts might have more options for processing than one might have assumed. The variety of phenotypes described here should provide assays for the further investigation of the cell biological function of Abstrakt. Conversely, the biochemical and cell biological investigation of Abstrakt, including the identification of its protein and RNA partners, should reveal new levels of control of gene activity during development.
Materials and methods
Drosophila stocks
The mutant alleles used are described in FlyBase [7] . The deficiency Df(3R)231-5 was generated by imprecise excision of the P element P{lArb}A321.3M3 (Bloomington Stock Collection #P993); it uncovers the genes abs, Gelsolin and two other lethal complementation groups, but not huckebein (U.I., unpublished observations).
The abs alleles abs IIF , l(3)620 and l(3)04505 [11] were provided by U. Gaul (Rockefeller University); hs-hid was from R. Lehmann (Skirball Insitute, New York), hs-rpr from J. Abrams (University of Texas, South Western Medical School), and prd-GAL4 is described in [13] .
EMS mutagenesis
The EMS mutagenesis is described in detail in [12] . 
Transgenes
For the genomic rescue construct, a 5.8 kb EcoRI fragment from a cosmid containing the Gelsolin locus [29] was cloned into pCaSpeR4 and used for germ-line transformation of flies. This DNA fragment contains the abs ORF and 946 nucleotides of upstream sequence. Downstream of abs, it includes the first four exons of Gelsolin (U.I., unpublished data). Three independent integrations of the transgene on the second chromosome were all able to rescue the lethality of the mutants.
For the UAS-abs transgene, the abs ORF was amplified by PCR (primers: 5′-TAGATCGAATTCCTATGGCGCACG-3′ and 5′-GAA-AAGTCTAGATGTATACTA-3′) and cloned into pUAST [13] through the introduced restriction sites for EcoRI and XbaI. The germ-line transformation of flies was done according to standard procedures.
Analysis of the temperature-sensitive phenotype
For the analysis of the abs 14B embryonic phenotypes, embryos were collected on apple-juice agar plates for 30 min or 1 h and aged to the desired stage at room temperature. They were then transferred to prewarmed plates and incubated at restrictive temperature (29°C-32°C). Groups of embryos were fixed at different time points (for example, 0, 30, 60, 120 min). Later, all groups were stained and the phenotypes were compared. As a control, w 1118 embryos were treated identically in parallel.
For the analysis of the ovarian phenotype of the temperature-sensitive mutants, newly eclosed virgin females were transferred from room temperature to 32°C and incubated for 48 h. The ovaries were then dissected, fixed and stained.
Antibody staining, in situ hybridisations and TUNEL staining
Embryos and ovaries were fixed and stained following standard protocols. We used the following primary antibodies: anti-Twist [30] , anti-β-Tubulin (Amersham), anti-phosphorylated histone H3 (Upstate Biotechnology), 22C10 [31] , anti-Inscuteable [32] , anti-Vasa [33] .
Secondary antibodies: biotinylated anti-rabbit, FITC-labelled anti-rabbit, Cy3-labelled anti-rabbit (all by Jackson ImmunoResearch Laboratories). The biotinylated secondary antibody was detected using the Vectastain ABC Kit (Vector Laboratories).
In situ hybridisations were carried out as described [34] using DIGlabelled DNA probes at a hybridisation temperature of 48°C, or DIG or biotin (osk) labelled antisense RNA probes at 55°C. The biotinylated osk probe was detected using the Vectastain ABC Kit (Vector Laboratories). Fragmented DNA in apoptotic cells was detected by TUNEL staining according to standard protocols [35] .
Microscopy
Embryos and ovaries mounted in Araldite or Vectashield mounting medium (Vector Laboratories) were examined under Zeiss microscopes with DIC or fluorescence optics. Pictures were taken using digital cameras (Kontron ProgRes 3008, Photometrics Quantix) and processed with IPLab Spectrum and Adobe Photoshop.
Sequence analysis
The amino-acid sequences of all known DEAD-box proteins from Drosophila [7] were compared with the sequence of Abstrakt using the GCG package program PileUp. Dbp73D is too distantly related to the other proteins to be incorporated into the alignment; the sequence of belle (bel) is not available in public databases. The comparison of the central domains of about 400 amino-acid residues was used for the calculation of cladograms with the programs of the Phylip package [36] .
Cloning of hABS
RT-PCR was performed using the primers 5′-AATGGAGGAGTC-GAACCCGAACGG-3′ and 5′-TGGGCTAGAGGTTTGGGCTTT-AATG-3′ and polyA RNA from HeLa cells as template. The PCR product was cloned into pCR2.1-TOPO (Invitrogen).
Production of an antiserum against Abstrakt
To create a fusion protein with a carboxy-terminal His tag, a part of the Abstrakt ORF was amplified by PCR (primers: 5′-GGAGAGATCT-GCTCAGCAGAAGGC-3′ and 5′-CGCAGATCTGTTAGATAGGTA-GTC-3′) and cloned into the BglII site of the vector pQE12 (Qiagen). The fusion protein was expressed in Escherichia coli and purified under denaturing conditions, renatured by dialysis and concentrated using a 1 ml HiTrap Heparin column (Pharmacia) from which it was eluted with 500 mM NaCl in 10 mM Tris-Cl pH 7.5. The concentrated protein was used for the immunisation of two rabbits.
